Introduction
Solar and nuclear energies are the world's only viable long-term energy options, and hydrogen production from these sources is potentially an environmentally advantageous long-term alternative to fossil fuels. As a result, hydrogen research is currently receiving a great deal of interest ͓1͔. Solar power is clean and abundant and is technically capable of supplying all of the world's energy needs, utilizing a few percent of the world's desert area. Solar thermal power concentrates direct solar radiation to produce hightemperature thermal energy, which can be used in a heat engine or other thermal applications. Parabolic dish and high-performance power tower systems are capable of supplying high-temperature thermal energy ͓2,3͔. When mass-produced, concentrating solar power systems can be cost competitive with conventional energy sources ͓4͔.
Thermochemical processes for converting solar energy into hydrogen are potentially more straightforward, more efficient, and less costly than using electric power to electrolyze water. Thermochemical cycles are heat engines that utilize high-temperature heat to produce chemical work in the form of hydrogen ͓5͔. Like their mechanical work-producing counterparts, their efficiency depends on the operating temperature and the irreversibility of their internal processes. Thermochemical water-splitting cycles utilize a series of chemical reactions with the overall reaction H 2 O → H 2 +1/ 2O 2 . All of the other chemicals are recycled within the process. Hundreds of unique cycles have been proposed over the past 40 years, but substantial research has been done on only a few ͓6͔. Most of the developments have envisioned nuclear heat being used as the primary heat source. As a result, temperature limitations of approximately 1000°C have resulted in most work focused on a few cycles ͓7͔. Solar thermochemical processes offer the potential for much higher temperatures than are being considered for nuclear-based cycles.
Recent solar thermochemical research has focused on metal oxide cycles. The metal oxide cycles are attractive in that they involve fewer and less complex chemical steps than lower temperature processes, thereby resulting in less irreversibility and potentially higher cycle efficiency. The ferrite cycles utilize cyclic thermal reduction ͑TR͒ and water hydrolysis reactions with an iron-based metal oxide spinel to split water. They are particularly attractive because they involve a minimum number of steps and reactants, have solid-gas reactions, use noncorrosive materials, lend themselves to direct solar irradiation of the working material, and can avoid the recombination reactions and irreversibility associated with quenching needed with volatile-metal oxides such as zinc or cadmium oxides.
Iron oxide has been of interest since Nakamura described the FeO / Fe 3 O 4 cycle ͓8͔. The two steps in the FeO / Fe 3 O 4 ͑iron oxide͒ cycle are Reaction ͑1͒ is the TR step. It is highly endothermic and requires temperatures of over 1600 K. Reaction ͑2͒ is the water oxidation ͑WO͒ or hydrolysis step. It is slightly exothermic and is spontaneous at an ambient temperature to about 1200 K. CO, July 8-13, 2006. dispersing the ferrite in zirconia enhances reactivity and improves reduction and hydrolysis kinetics. They also showed that the supported materials maintain reactivity when repeatedly cycled between TR and WO reactions. Other researchers have begun to explore solar receiver/reactor designs for the ferrite cycles in which the reactant is supported on a matrix ͓17,18͔.
Recuperation of the sensible heat between the hydrolysis and reduction reactors is essential for high efficiency, especially for designs in which the ferrite is supported. Without recuperation, the energy required for sensible heating between the WO and TR temperatures is a substantial fraction of the energy input to the cycle. In addition, a significant amount of high quality sensible heat must be rejected from the cycle to cool the reactant material from the TR temperature to the WO temperature. Until recently, metal oxide thermochemical reactors have envisioned using particles. From the point of view of the receiver/reactor design, the use of particles is an obvious choice. Nakamura ͓8͔ and Steinfeld et al. ͓19͔ both recognized the need for recuperation in order to achieve high thermal performance. However, neither developed practical approaches to recuperate the heat in metal oxide particle streams. For the recently introduced matrix supported reactor designs, there is no apparent consideration of recuperation.
As in thermal-to-mechanical work producing heat engines, such as Stirling and Ericsson cycle machines, recuperation is critical. Rather than recuperate a reactor, our approach is to reactorize a recuperator. This requires developing concepts for solid-to-solid countercurrent heat exchangers and adapting them to the TR and WO reactions. This approach results in thermochemical analogs to Stirling and Ericsson cycle heat engines and provides a framework for minimizing irreversibilities. As a result, these devices are potentially efficient. However, they also place unique requirements on materials and involve numerous engineering tradeoffs. To understand and design these engines also requires an understanding of chemical and cycle thermodynamics.
The CR5 Heat Engine
To address recuperation between solids and reactor requirements for ferrite cycles, we conceived several configurations. A preferred arrangement is shown in Fig. 1 . The counter-rotatingring receiver/reactor/recuperator ͑CR5͒ uses a stack of counterrotating rings or disks with fins along the perimeter. The fins contain a ferrite reactant, presumably on a support. Each ring rotates in the opposite direction to its neighbor at a rotational speed on the order of 1 rpm or less. The thickness of the reactant fins is a fraction of the thickness of the rings to permit solar flux to penetrate in depth and allow for water and products to be transported to and from the ferrite reactant material of the fins. Solar flux illuminates the fins on the stack of rings on the edge along nominally 1 / 4 of the perimeter. The moving "volumetric absorber" has the advantage of effectively smoothing nonuniform flux distributions inherent in reflective solar concentrators. In addition, because the reactant is supported, the CR5 is compatible with variable orientations relative to gravity on parabolic dishes and their relatively higher concentration ratio compared to power towers. On the opposite side of the stack, the WO reaction takes place. The remaining half of the stack ͑two 1 / 4 sections between͒ is adiabatic and is utilized for countercurrent recuperation, primarily by thermal radiation. Equal pressures are maintained in the two reactors to minimize flow through the recuperator sections.
As the oxidized ferrite material in the fins leaves the WO reactor and enters the recuperator, it "sees" hotter fins leaving the TR reactor on both sides. In the recuperator it heats up as the neighboring fins moving in the opposite direction cool. In the sunlit section, the concentrated solar radiation continues to heat the reactant fin and provides the heat of reaction for the endothermic TR oxygen-producing reaction as well as any additional sensible heating that is required. A vacuum pump removes the evolved oxygen. In the WO reactor, water vapor re-oxidizes the ferrite to produce hydrogen. Near the exit of the WO reactor, we envision directing fresh steam over the reactant fins. The lower hydrogen partial pressure from the steam over the ferrite should enable the hydrolysis reaction to proceed further by maintaining nonequilibrium conditions.
A key feature of the CR5 is that it facilitates continuous removal and sweeping of the product gases. The moving reactants and the potential of fluidically establishing isolated reaction zones allow the solid and gas products to be separated. Furthermore, by a careful introduction of a sweep gas, it is possible to cause countercurrent flow between the sweep gas and the solid reactant. This ensures that the last environment seen by the solid reactant as it Transactions of the ASME leaves the reactor is the most favorable thermodynamically for driving the reaction. The effectiveness of this approach, however, depends on fast reaction kinetics. We envision using steam for sweeping. Nitrogen, argon, or other noncondensable gases require energy to separate and dramatically increase the pumping requirements for a subatmospheric operation. In the WO reactor, steam oxidizes the reduced ferrites and produces hydrogen. Increasing steam flow reduces the hydrogen partial pressure and increases the extent of reaction. With the oxidized ferrite in the TR reactor, steam is essentially inert and could be used as a sweep gas. However, we envision the use of little or no sweep gas in the TR reactor. Oxygen would be continually removed by pumping. A sweep gas results in an additional thermal parasitic load and could actually slow the TR reaction by inhibiting the mass transport of product oxygen from the surface. Thermal reduction kinetic studies of Fe 3 O 4 indicate that the rate of reaction is limited by the gas phase mass transport of the O 2 from the surface ͓19͔. Introducing small amounts of steam within the internal drives and/or within the recuperator is a way to counteract diffusion of product gases and mitigate crossover between the reactors.
Waste heat from the recuperator and hydrolysis reaction would be used to vaporize and preheat the water. Waste heat results from the exothermic WO reaction, recuperator inefficiencies, and sensible heat in the product hydrogen and oxygen. As in mechanical work producing heat engines, cooling of the low-temperature step and rejection of waste heat to the environment are required.
Sandia National Laboratories ͑SNL͒ is evaluating the practicality of the CR5 thermochemical heat engine. To assess the potential of the two-step ferrite cycle with the CR5, we have modeled the system performance. We are also numerically modeling various thermal and flow aspects of the CR5 and are trying to identify, engineer, and characterize redox materials/supports with the best possible thermodynamic and structural characteristics to establish whether suitable materials can be developed and fielded ͓20-22͔.
CR5 Cycle Thermodynamics
To understand the requirements for efficient two-step ferrite thermochemical cycles, it is instructive to consider simple thermodynamic models for the iron oxide system like that described by Nakamura ͓8͔. Figure 2 is a simple model of the iron oxide system and illustrates some fundamental considerations. In it, iron oxide is cycled between 600 K-where it is reacted with steam in a WO reactor to produce hydrogen at 1 atm and magnetite ͑Fe 3 O 4 ͒-and 2300 K-where the magnetite is thermally reduced in a TR reactor to produce oxygen also at 1 atm, and wustite ͑FeO͒ as in Eqs. ͑1͒ and ͑2͒. For the purpose of illustration, we assume that 100% of the magnetite is converted to wustite and that the water/wustite has a reaction extent of 100%. ͑In reality, this is an unrealistically optimistic assumption at these temperatures and pressures.͒ Utilizing the thermodynamic data in HSC CHEMISTRY® for Windows ͑HSC͒ ͓23͔, we calculate that the amount of energy needed to heat the one mole of magnetite exiting the WO reactor from 600 K to 2300 K is 118.78 kcal. The amount of energy needed to drive the TR reaction to produce three moles of wustite and 1 / 2 mole of oxygen is 57.86 kcal; the amount of energy that needs to be rejected from the three moles of wustite to cool back to 600 K is 94.36 kcal; and the amount of exothermic heat that needs to be rejected from the hydrolysis reactor, where one mole of hydrogen is produced and one mole of magnetite is regenerated, is 16.46 kcal. In addition, 2.08 kcal of sensible heat in the product hydrogen and 8.44 kcal in the product oxygen need to be rejected. To heat and boil one mole of water from ambient ͑298.15 K͒ to produce water vapor at 373.15 K requires 11.12 kcal, and to heat it to 600 K requires another 1.90 kcal. The higher and lower heating values of the product hydrogen and oxygen are 68.31 kcal and 57.80 kcal, respectively. For comparison to heat engines, it is appropriate to base the output on the change in the Gibbs free energy, ⌬G, of reaction, 56.68 kcal ͑liquid͒ or 54.63 kcal ͑gas͒ ͓5͔.
Without recuperation of the rejected heat, the amount of energy that must be supplied is 57.86+ 118.78+ 1.90+ 11.12 = 189.66 kcal. If we define efficiency as the energy content in the product hydrogen and oxygen, the higher heating value ͑HHV͒ efficiency is at most 68.31/ 189.66= 36.0%. If the round-trip reaction extent of magnetite to wustite and back is a more realistic 35%, then the amount of thermal energy needed to heat the magnetite from 600 K to 2300 K is 118.78/ 0.35= 339.37 kcal and the resulting HHV efficiency is only 16.7%. If the iron oxide is supported on a substrate such as zirconia, even more energy is required for sensible heating, and the efficiency is even lower.
With recuperation the amount of heat required can be substantially reduced. However, because of a pinch point that results from the different melting points of Fe 3 O 4 ͑1870 K͒ and FeO ͑1650 K͒, the net heat required is not simply 57.86+ 118.78− 94.36− 8.44 = 73.84 kcal. Instead, to ensure a positive temperature gradient throughout the recuperator, 89.88 kcal of solar energy must be added, resulting in a HHV efficiency of 76.0%. Without recuperating the high-temperature sensible heat in the product oxygen, a maximum HHV efficiency of 74.4% is possible ͑see the pinchpoint diagram in Fig. 3͒ . As Nakamura pointed out in Ref. ͓8͔ , there is sufficient energy from the hydrolysis reaction to vaporize the water and preheat it to 600 K.
It is important to note that with efficient recuperation between the WO and TR reactors, the cycle can be efficient even with a less than complete reaction and with an inert support. In fact, assuming ideal recuperation, the ideal efficiencies above are theoretically possible with any level of conversion and mass of support. In reality, recuperation is never ideal, and achieving high conversion extent and minimizing the amount of inert support are important.
System Analysis
A simple system performance model was developed to understand the efficiency potential and requirements of the CR5 thermochemical heat engine. The system model includes a solar collection and a thermodynamic cycle model. For the thermodynamic cycle model, we developed conceptual CR5 engine designs to estimate the potential for recuperation and to understand other key design parameters. The designs assume 36 kW of net solar thermal energy delivered to the TR section of the reactor. The 36 kW is a nominal value for the 10 kW e advanced dish development Sample design parameters for a CR5 engine using iron oxide as a reactant material are listed in Table 1 . In the design, the fin outside diameter is 0.61 m ͑24 in.͒. Recuperation heat rate, Q r , was modeled, assuming radiation heat transfer according to Eq. ͑3͒ as in the analysis of radiation heat transfer between parallel plates.
Based on the close proximity between fins, a fin-to-fin view factor, F 1−2 , of 1.0 was assumed. A fin emissivity, , of 0.9 was also assumed. is the Stefan-Boltzmann constant. The recuperator radiation heat transfer area, A, was determined from the geometry of the 68 ͑34 pairs͒ of 25.4 mm ͑1 in.͒ tall fins. For these calculations the TR and WO reactor sections and the two recuperator sections each used one-quarter of the ring circumference. The ring spacing is 6.4 mm center to center ͑1 / 4 in.͒. This is the smallest spacing that we believe to be reasonable in a practical device. In the analysis, the recuperators are divided into 20 equal temperature-difference sections, and the average temperatures of each section are iteratively calculated by finding the temperature
In Eq. ͑4͒, ṁ is the mass flow rate of the reactant fins, c p is the fin average heat capacity, T approach is the temperature of the fins as they enter the TR reactor, and T WO is the WO reactor temperature. The use of an average fin heat capacity simplifies the analysis and means that T 1 − T 2 is constant across the recuperator and is equal to T TR − T appraoch . T TR is the TR reactor temperature. Ring speeds of 0.5 to 1 rpm and reactant fin thicknesses on the order of 0.5 to 1 mm and containing 75 wt % zirconia ͑ZrO 2 ͒ are typical. With an estimated reactant fin density of 3500 kg/ m 3 , the void fraction of the fin stack is nearly 90%. Increasing the amount of the reactant fin material ͑reducing the fin void fraction͒ and proportionally reducing the ring speed result in the same performance and are potentially a way to increase the residence time in the WO and TR reactors to accommodate kinetics.
The thermodynamic cycle evaluations used HSC to evaluate ferrite spinels included in the HSC database to determine equilibrium compositions and state points across the reactors. The compositions in the reaction zones were calculated by iteratively solving for the equilibrium composition of the ferrite reactant alternately subjected to thermal reduction and hydrolysis at 1 atm and to the removal of the product oxygen and hydrogen, respectively. After several iterations, compositions did not change between iterations, and the extent of reaction, state-point properties, and thermal inputs could then be determined. With this approach and the HSC data, a TR temperature of 2300 K and a WO temperature of 600 K result in a reaction extent of 0.35 for Fe 3 O 4 . That is, for every mole of Fe 3 O 4 , 0.35 moles of hydrogen are produced. Comparable reaction extents could be obtained at 2100 K and 1900 K for Fe 2 MgO 4 and Fe 2 CoO 4 , respectively, also at a WO reaction temperature of 600 K. It is important to note that this approach is conservative in that it does not account for the benefits of solidgas reactions, e.g., the ability to drive the reaction by continuously removing the product gases. In calculating the state points, it is assumed that there are no reactions taking place in the recuperator. All of the thermal reduction occurs in the TR reactor. We also assume recuperation stops inside the reactor sections.
Although equilibrium is calculated at a pressure of 1 atm, it is assumed that the TR and WO reactors operate at 0.2 atm and that the oxygen is compressed to 1 atm and the hydrogen is compressed to 15 atm. We assume an isothermal compression efficiency of 40% at 300 K based on commercially available vacuum pump data.
Thermal efficiency is defined as
where ṅ H 2 is the molar hydrogen production rate, HHV H 2 is the higher heating value of hydrogen, Q solar is the net solar power into the reactor ͑36 kW͒, and Ẇ p is the compressor power. The compressor itself is assumed to be driven by a heat engine with a thermal-to-mechanical conversion efficiency of 40%. Power requirements for driving the counter-rotating rings are assumed to be negligible. Table 2 lists the performance parameters for the iron oxide CR5 design outlined in Table 1 . The net HHV thermal efficiency is 29.9%. Note that about 146 kW of power is required for sensible heating of the reactant, with most of it supplied by recuperation. ͑To heat the reactant, 125.06 kW is supplied by the recuperator, and an additional 20.96 kW of solar power is needed to heat it to temperature.͒ Only about 10% of the power needed for heating and reducing the oxidized ferrite actually drives the reaction ͑15.04 kW͒. With more effective recuperation, higher reaction ex- Fig. 3 Pinch-point diagram for an ideal iron oxide cycle operating between 600 K and 2300 K. The amount of sensible energy that must be added to the high-temperature step, ⌬H, must be high enough to ensure a positive temperature gradient in all parts of the counter-current heat exchanger. In addition, the heat of reaction, 57.86 kcal, must also be added to the hightemperature step to convert a magnetite into a wustite. tent, and/or a reduced amount of inert carrier ͑ZrO 2 ͒, thermal efficiencies of up to about 50% are possible. The thermodynamic model also suggests that the product partial pressures need to be higher than about 0.1 atm. Otherwise, pump work becomes excessive. This means that the ferrite TR equilibrium oxygen and the WO hydrogen/steam partial pressures must be greater than 0.1 atm at operating conditions for this approach to be viable. It is important to note that the potential for reducing the TR temperature or increasing the WO temperature by continuously removing the product gases by pumping or sweeping was not accounted for in this analysis. In this respect the results of our system efficiency studies are conservative. Because the extents of reaction depend on kinetics, we do not know how to properly account for this effect. Reducing the TR temperature and increasing the WO temperature to values similar to those currently being experimentally investigated ͑assuming no reduction in conversion͒ improves thermal efficiency. For example, changing the TR and WO temperatures to 1800 K and 1000 K, respectively, and assuming the same reaction extent, 0.35, for the example in the tables result in a HHV net thermal efficiency of over 44%. ͑This is intended to illustrate the importance of recuperation on efficiency. Although hydrogen production on a gram of material basis in this example is comparable to what has been demonstrated by Kodama et al. ͓15͔, whether or not this reaction extent can actually be obtained in a CR5 device at these temperatures needs to be demonstrated.͒ The reason that efficiency improves is that while the driving potential for recuperation decreases with reduced temperature ͑Eq. ͑3͒͒, lower TR temperatures reduce the recuperator burden ͑Eq. ͑4͒͒, especially if phase change can be avoided. Increasing the WO temperature increases the driving potential for recuperation and reduces the thermal burden on the recuperator. Figure 4 shows the calculated recuperator temperature profiles for the example in the tables. As can be seen in Fig. 4 , recuperation at high temperatures requires less recuperator length than at low temperatures.
Ring speed is an important parameter. At low speeds recuperation efficiency improves. There is more time for transferring heat. However, if the ring speed is too low, the reactant flow rate is inadequate for the thermal input. We anticipate that for any given solar input, there exist optimum speeds for power and efficiency, not unlike conventional engines.
An analysis of collector efficiencies assuming an average concentration ratio of 4000 with 95% intercept, as demonstrated by the ADDS ͓3͔, indicates that operating temperatures of up to about 2100 K are practical from a solar collection efficiency perspective. Radiation losses from the solar receiver cavity are excessive at temperatures much higher than about 2100 K. From a system Tables 1 and 2 . Because of the constant heat capacity assumption, each incremental temperature has the same ⌬H. Recuperation at high temperatures requires less of the recuperator than at low temperatures.
efficiency perspective, the mixed-metal ferrites and other approaches for reducing the TR temperature are, therefore, desirable. Furthermore, issues associated with volatilization and melting of the reactant material also encourage lower TR temperatures. Our HSC magnesium and cobalt ferrite results suggest that system efficiency can potentially be substantially better than a highefficiency dish/Stirling system driving an electrolyzer.
CR5 Development Approach
The CR5 thermochemical heat engine concept and the underlying thermodynamics have many uncertainties. To better understand the practicality of the CR5 concept, we are evaluating key issues and are planning to build and test a prototype CR5 device.
Numerical simulations are being used to address key thermal and fluid dynamic aspects of the CR5. Because detailed radiation modeling in this device is extremely computer intensive and the kinetics are not known, we are not developing a comprehensive model incorporating radiation, chemical reactions, advection, multispecies flow, etc. Instead, our approach is to numerically model key aspects of the design, specifically recuperator performance and the potential for buoyancy-driven flow between reactors through the recuperators ͓20͔. Benchmark comparisons of the simple recuperator submodel in the thermodynamic cycle model described above with a detailed recuperator model that accounts for solid-state heat conduction and uses temperature-dependent properties for candidate materials of construction and detailed enclosure radiation show good agreement. Because neither model accounts for conduction/convection heat transfer through the gas between fins or additional recuperation within the reactor sections, both of which can enhance recuperation, we have concluded that the counter-rotating-ring-recuperator concept is viable. To evaluate the potential for cross flow through the recuperator, separate flow models that use the results from the thermal model to define the temperature field were developed. We used the FLUENT computational fluid dynamics ͑CFD͒ code to simulate the flow field within the device ͓24͔. The simulation was used primarily to assess the potential for buoyancy-driven flow through the recuperators. Because of the large temperature gradient and the orientation of the reactor during the operation, there is a chance that oxygen can cross from the TR reactor to the WO reactor. Results from the simulations indicate that ring rotation has no effect on crossover and that the potential for buoyancy-driven crossover is minor ͓20͔.
We are evaluating the thermodynamics of three promising iron ferrite systems based on Mg, Co, and Ni with another commercially available thermodynamic database called FactSage. The FactSage data represent the state of the art for spinel ferrites ͓25͔. The calculations incorporate thermodynamic data for the nonideal solid-and liquid-phase solutions that form both the ferrites and their thermal decomposition products. The results indicate that complex solution phases form in addition to the ferrite, and the zirconia support is not completely inert. Some of the iron oxide and other metals in these systems form solutions with ZrO 2 and oxide solutions with each other. We are interested in the temperature and volume-dependent oxygen partial pressures to understand what is needed to meet the conditions identified in our system studies and the potential for pumping and sweeping to increase reaction extent. We are also interested in the effect of composition on the ferrite melting point, reaction extent, and hydrogen yields ͓22͔.
The CR5 design places unique demands on materials. The ferrite fins must maintain structural integrity and high reactivity over thousands of thermal cycles and exposure to temperatures in excess of 1700 K. In addition, the design of the fins must have a high surface area for gas-solid interactions and for absorption of incident solar radiation; it should also have high solar absorptivity. To address some of these requirements, we are characterizing the effect of a number of material parameters on performance in a test system for cyclic TR and WO with concurrent quantification of hydrogen and oxygen evolution. Although we have tested a number of ferrites, we have decided to focus mainly on a baseline cobalt ferrite to understand the design variables. Processing parameters such as synthesis procedure and particle size, as well as the impact of supporting the ferrite in a zirconia matrix, are of interest. Hydrogen and oxygen yields over successive cycles are the primary metrics. We are also applying characterization techniques such as x-ray diffraction, microscopy, and temperature programed reduction and oxidation to provide insights into the chemical and physical processes occurring in the ferrites during operation ͓21͔.
We are using robocasting, a Sandia-developed technique for free-form processing of ceramics to manufacture monolithic structures with complex three-dimensional geometries for chemical, physical, and mechanical evaluation ͓26͔. We have demonstrated that ferrite/zirconia mixtures can be fabricated into small threedimensional lattice structures; hydrogen and oxygen can be produced using these monolithic structures; and structural integrity can be maintained over successive cycles. Probably because of enhanced mass transport geometries, we have been able to produce more hydrogen and oxygen at faster rates with these monolithic structures than with equivalent amounts of powders. We have also fabricated reactant fin sections for the CR5 prototype. Design objectives for the fin sections include high geometric surface area, thermal shock resistance, and allowance for light penetration. The design of these monolithic structures is guided by our CFD studies. Figure 5 shows photographs of robocast: ͑a͒ a reactant ring assembly, ͑b͒ prototype reactant fin segments, ͑c͒ the test part as cast, and ͑d͒ the test part after 31 redox cycles. The cycling of the test part involved TR at approximately 1400°C and subsequent WO at about 1000°C ͓21͔.
A key result of our material studies is an appreciation of the importance of the zirconia support in enhancing the reduction reaction and avoiding issues associated with melting. Studies with iron oxide suspended in stabilized zirconia indicate that a small amount of the iron oxide would be expected to go into a solid solution with the zirconia support. It is possible that any remaining liquid iron oxide phase might "wet" or be suspended within the zirconia. In addition, the high oxygen mobility through zirconia may enhance kinetics. An important consequence is that high porosity may not be needed, and sintering of the porous zirconia may not be an issue. These observations appear to be in good agreement with those obtained by Ishihara et al. ͓16͔ and may be a key to the CR5 concept viability. They suggest a new type of redox material with high internal oxygen mobility for transport of oxygen to and from dispersed redox sites.
Given the numerous uncertainties, we believe that a proof-ofconcept prototype CR5 thermochemical heat engine is needed to establish feasibility and to evaluate many of the unknowns. A proof-of-concept device with the overall objective of demonstrating the key features of the CR5 at a reasonable scale is being developed. It is designed to absorb approximately 9 kW of incident solar flux from the National Solar Thermal Test Facility ͑NSTTF͒ solar furnace in Albuquerque, NM. The design will be a first attempt to address high-temperature moving parts and other design issues. Ancillary hardware such as steam generation equipment and pumps and their integration into the system will not be addressed initially.
The prototype reactant rings have an outside diameter of 0.301 m ͑11.87 in.͒ and will utilize 2.34 cm ͑0.92 in.͒ tall reactant fins. The ring width is 1.27 cm ͑1 / 2 in.͒, and 14 rings will be used. Robocast ferrite fin segments will be attached to refractory ceramic fiber board supports and will be assembled into reactant rings. See Fig. 5͑a͒ . Rotation will be driven by two sets of internal gears. Two sets of sprocket gears will drive the rings. Sunlight will be introduced through a quartz-dome window, and steam will be ducted through ports in the insulation to provide countercurrent sweeping of the reactant fins. Design objectives include experimental flexibility and significant hydrogen production.
Conclusions
Solar hydrogen production from water by the use of two-step solar-driven thermochemical cycles is potentially an alternative to fossil fuels. Recognizing that thermochemical cycles are heat engines that convert thermal energy into chemical energy and are, therefore, analogous to mechanical work producing machines, we have conceived a new kind of heat engine. As in Stirling and Ericsson cycle mechanical work producing counterparts, countercurrent recuperation of sensible heat within the cycle is the key to high efficiency in the CR5. Investigations of the efficiency potential of the CR5 concept suggest that solid-to-solid countercurrent recuperation can be effective and that the cycle can potentially be efficient. Furthermore, recuperation mitigates the need for complete reaction extent and permits the use of support for the ferrite working material. These investigations also suggest that the underlying thermodynamic properties of the iron oxide redox materials are marginal at the temperatures dictated by materials and that a number of schemes will probably be required to compensate. These include adjusting the redox thermodynamics by substituting other metals for iron in the spinel, taking advantage of solid-gas reactions by continuous removal of the product gases, and effectively lowering the product gas partial pressure by countercurrent sweeping. Like other engines, the CR5 involves numerous design issues and tradeoffs. It places extraordinary demands on materials and involves high-temperature moving parts. In addition, the CR5 must be designed and operated to avoid a crossover through the recuperator. In the process of evaluating materials for the CR5 heat engine, we have developed a new kind of reactant material in which ferrite particles are dispersed in a monolithic zirconia structure. These materials appear to enhance and maintain reactivity and kinetics, as well as provide the structural support needed in the CR5 heat engine.
To establish the practicality of the CR5 concept, we are experimentally evaluating materials, exploring the thermodynamic design space, and evaluating fluid flow within the device. Given the potential, uncertainties, and results thus far, we have decided to design, build, and test a prototype device. If suitable materials can be developed and the design challenges can be met, the CR5 heat engine concept appears to provide an integrated approach for potentially efficient and low-cost solar hydrogen.
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